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We study conductance across a twisted bilayer graphene coupled to single-layer graphene leads
in two setups: a flake of graphene on top of an infinite graphene ribbon and two overlapping
semi-infinite graphene ribbons. We find conductance strongly depends on the angle between the
two graphene layers and identify three qualitatively different regimes. For large angles (θ & 10◦)
there are strong commensurability effects - for incommensurate angles the low energy conductance
approaches that of two disconnected layers, while sharp conductance features correlate with com-
mensurate angles with small unit cells . For intermediate angles (3◦ . θ . 10◦), we find a one-to-one
correspondence between certain conductance features and the twist-dependent Van Hove singular-
ities arising at low energies, suggesting conductance measurements can be used to determine the
twist angle. For small twist angles (1◦ . θ . 3◦), commensurate effects seem to be washed out and
the conductance becomes a smooth function of the angle. In this regime, conductance can be used
to probe the narrow bands, with vanishing conductance regions corresponding to spectral gaps in
the density of states, in agreement with recent experimental findings.
I. INTRODUCTION
Two-dimensional materials have shown to be widely
tunable, providing properties-on-demand for electronic
and optical applications. At the same time, their relative
simplicity and the degree of sample-purity render these
materials an ideal playground to study physical phenom-
ena hard to isolate in more complex compounds. The
discovery of both correlated insulating phases [1] and su-
perconductivity [2] in twisted bilayer graphene (tBLG)
opened up the possibility to further tune 2D heterostruc-
tures into strongly correlated phases and promises to
shine new light on the interplay between the insulating
and superconducting states.
A key underlying feature of tBLG is the sharp decrease
of the Fermi velocity, strongly renormalized for small
values of the twist angle, θ, between the two graphene
layers [3]. For θ . 1◦, extremely narrow bands appear
at low energies, with the Fermi velocity even vanishing
at specific - so-called magic - angles [4–8]. It is in this
regime that unexpected insulating and superconducting
states are observed, pointing to electron correlations as
key players. This triggered an intense research interest
in this system [9–20]. The flat band regime induced by
a finite twist has also been explored experimentally in
graphene double bilayers [21–23] and trilayers [24, 25],
and is also relevant to other two-dimensional materials
[26, 27].
The rotation between layers introduces a long-
wavelength modulation of the lattice structure called
moire´ pattern [28]. For small angles, the moire´ wave-
length is much larger than the carbon-carbon distance,
with the ratio growing as 1/θ. This represents an ad-
ditional difficulty regarding the theoretical description
of the system, since a single moire´ may contain several
thousands of atoms in the low angle regime. While the
minimum Wannier-like tight binding parametrization de-
scribing the narrow band sector on the moire´ scale is still
debated [29–34], the original atomic tight binding model
remains a faithful description, despite the large unit cells
at smaller angles [4, 5, 7, 8, 35, 36].
Transport measurements in tBLG have been crucial
to characterize the small angle regime around the neu-
trality point. Superlattice-induced transport gaps, de-
limiting so-called moire´ bands, have been observed in
Refs. [9, 37, 38] for tBLG with θ ∼ 2◦, whenever these
bands are completely occupied, for a carrier density
n = +nS, or fully empty, n = −nS, where 2nS is the
total charge density of the moire´ bands. Close to the
first magic angle, for θ ≈ 1.1◦, besides the gaps at
n = ±nS, an insulating state was also detected at half-
filling, n = ±nS/2, which cannot be explained within
the single particle picture [1]. By changing the carrier
density around n = ±nS/2, the resistance drops to zero,
signaling the transition to a superconducting state for
temperatures below T ≈ 1.0K [2, 10]. Conductance mea-
surements also allowed to detect insulating states at the
fractional fillings n/nS = 1/4, 3/4 [10, 11, 20, 39], and
for a larger angle, θ ≃ 1.27◦, after applying pressure [10].
Transport has further been essential to inspect twisted
double bilayers [21, 23], to analyze the role of Coulomb
screening in both insulating and superconducting phases
of tBLG [40], and to demonstrate atomic reconstruction
for θ < 1◦ [41].
Despite its experimental relevance, there are compar-
atively few theoretical works addressing transport in
2graphene heterostructures, in particular on twisted bi-
layer systems. Ref. [42] has addressed the linear trans-
port regime, using the Kubo formalism, finding that a
finite concentration of vacancies suppress the conductiv-
ity in a wide energy region. Refs. [43, 44] discuss impu-
rity and phonon scattering, with particular emphasis on
the temperature dependence of the resistivity.Within the
ballistic regime, an earlier work addressed the transport
properties of small nanoribbons with a large angle tBLG
section [45] highlighting the importance of edge effects.
Recently, a wider single layer graphene nanoribbon with
a twisted graphene flake on top was studied in Ref. [46].
An interesting orbital magnetic structure has been pre-
dicted at finite source-drain voltage applied only to the
graphene nanoribbon. This effect is attributed to the
presence of counterflow currents first discussed in [4]. Fi-
nally, the effect of a spatially inhomogeneous twist angle -
twist disorder - on transport has recently been considered
in Ref. [47]. However, the ballistic conductance of tBLG
as a function of the twist angle had , to our knowledge,
not yet been obtained. Nonetheless, given the high qual-
ity of the samples and the reported low temperatures, the
ballistic regime ought to be considered to make contact
with the experimental findings.
In this paper, we provide a thorough study of the bal-
listic transport properties of tBLG as a function of the
twist angle. We find three qualitatively different regimes,
characterizing the dependence of the conductance on θ,
respectively for small, intermediate and large angles. We
pay particular attention to the behavior of conductance
near commensurate and incommensurate angles. In the
large angle regime, the results are shown to be sensitive to
commensurability effects. For intermediate angles, con-
ductance features correlate with the position of the van
Hove singularities in the density of states (DOS). In the
small angle regime, commensurability effects completely
disappear. Superlattice induced gaps are clearly resolved,
in agreement with experimental findings.
The structure of the paper is as follows: In Sec. II we
introduce the model and describe the methodology used
to calculate the conductance and the DOS. In Sec. III,
representative results of the transmission for the different
angle regimes are presented and discussed. Section IV
contains a short summary and the conclusions.
II. MODEL AND METHODS
We consider transport in two setups, shown schemat-
ically in Fig. 1. The setup in (a) is denoted 1 → 1 and
consists of a disk of single layer graphene overlaid on a
graphene ribbon. The diameter of the disk is the same as
the width of the ribbon, and its orientation is chosen so
that the two layers define a circularly shaped tBLG re-
gion with the desired twist angle. The second setup, (b)
denoted 1→ 2, consists of two semi-infinite graphene rib-
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FIG. 1. Twisted bilayer setups used in this work: (a) 1 → 1
and (b) 1 → 2 setup. Vanishing blue color denotes the be-
ginning of semi-infinite leads. Lateral views are shown under
each setup. The typical linear size of the scattering region is
hundred of nanometers.
bons with overlapping ends. Semi-circular edges at the
end of each ribbon define an almost circular tBLG re-
gion. By adjusting the relative orientation of the ribbons
we fix the twist angle. In both setups, the remaining of
the monolayer ribbons define semi-infinite leads.
We model pz electrons in tBLG through a microscopic
tight binding Hamiltonian reading H = H1 +H2 +H⊥,
where Hl, with l = 1, 2, is the Hamiltonian for a single
layer, and H⊥ is the interlayer coupling. For the single
layer Hamiltonian we write,
Hl = −t
∑
Rl,R
′
l
|R
l
−R′
l
|≤a
c†l,α (Rl) cl,β (R
′
l) , (1)
where c†l,α (Rl) creates an electron at the Bravais lattice
position Rl, of layer l and sublattice α = A,B, and the
constraint |Rl−R′l| ≤ a, with a = 1.42 A˚ for the carbon-
carbon bond length, ensures nearest neighbor hopping in
each layer. The interlayer coupling is written as H⊥ =
H12 +H21, with
H12 =
∑
R1,R2
tαβ
12
(R1,R2) c
†
1,α (R1) c2,β (R2) , (2)
where tαβ
12
(R1,R2) is the interlayer hopping in the tight
binding basis, and H21 obtained from the previous equa-
tion by replacing 1 ↔ 2.To parametrize the interlayer
hopping in Eq. (2), we use the two-center approximation
and assume tαβ
12
(R1,R2) depends only on the distance r
between the two pz-orbitals,
tαβ
12
(R1,R2) ≡ tαβ12 (r) ,
with r2 = d2‖ + d
2
⊥ for an interlayer separation
d⊥ = 3.35 A˚ and an in-plane projected distance d‖ =
3|R1 + τ1,α −R2 − τ2,β| between, where τl,α are the in-
plane positions of the orbital centers in the unit cell
of each layer. Since the sites in A and B sublattices
correspond to the same pz orbital, we further assume
that the interlayer hopping does not depend on the sub-
lattice index, tαβ
12
(r) ≡ t⊥(r). Using the Slater-Koster
parametrization [48], we write
t⊥ (r) = cos
2 (γ)Vppσ (r) + sin
2 (γ)Vpppi (r) , (3)
where the angle γ is such that cos2 (γ) = d2⊥/r
2, and fol-
lowing Ref. [49] the spatial dependence of the parameters
is given by
Vppσ (r) =t⊥ exp
[
qσ
(
1− r
d⊥
)]
,
Vpppi (r) =− t exp
[
qpi
(
1− r
a
)]
. (4)
From the second neighbor intralayer hopping, t′ = 0.1t,
we fix qpi = 3.15, and assuming qpi/a = qσ/d⊥ yields qσ =
7.42 [28]. For the remaining parameters, we consider
t = 2.79 eV and t⊥ = 0.35 eV.The sum in H12 and H21
is restricted to sites such that the in-plane seperation
between sites is smaller than a certain cutoff. We have
considered only interlayer hopping terms with d‖ < 0.9a.
Including further distance interlayer hopping terms does
not qualitatively alter the description of tBLG [5]. One
advantage of the truncation we have chosen is that the
first magic angle occurs at a slightly larger value, θ∗ ≈
1.6◦, thus for a slightly smaller moire´ cell.
To compute the conductance, G, we use the Lan-
dauer approach. At zero temperature and in the lin-
ear regime, the conductance is proportional to the trans-
mission, T (ǫ), for a system with chemical potential ǫ.
We define T¯ (ǫ) = T (ǫ) /w, where w is the width of the
leads, and write the conductance as G = G0T¯ (ǫ), where
G0 =
2e2
h
is the conductance quantum. For both setups
shown in Fig. 1, the circular tBLG region with diameter
w defines the scattering region, which, by construction,
is connected to two semi-infinite leads of width w. We
compute the transmission, T (ǫ), from the left lead to the
right lead using the Kwant package [50]. Conductance
calculations are performed with a scattering region con-
taining aroundN = 3.77×105 carbon atoms for twist an-
gles 2◦ < θ < 58◦. For structures with smaller twist an-
gles, 0 < θ ≤ 2◦ (close to AB stacking) and 58 ≤ θ < 60◦
(close to AA stacking), larger system sizes were used,
with roughly four times the numer of carbon atoms, i.e.
around N = 1.56 × 106. The number of moire´ cells in
the scattering region ranges from & 150 for the smallest
angles to several thousands for larger angles. DOS cal-
culations for incommensurate angles are done based on
the kernel polynomial method, also provided in Kwant.
In this case, the size of the tBLG circular region was
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FIG. 2. Density plot of the conductance, G, as a function of
twist angle, θ, and energy, ε, for the two setups considered in
this work, 1 → 2 (a) and 1 → 1 (b). Panel (c) shows G vs ε
for three particular angles, θ = 3◦, 13◦ and 23◦, depicted as
dashed horizontal lines in panel (b).
kept at N = 1.56 × 106 carbon atoms for angles in the
range 2◦ < θ < 58◦, and N = 4.6 × 106 carbon atoms
for smaller angles, 0 < θ ≤ 2◦ and 58 ≤ θ < 60◦. The
DOS and band structures for infinite tBLG systems was
also evaluated using a plane wave expansion for (incom-
mensurate structures) and diagonalization of the Bloch
Hamiltonian (for commensurate structures).
III. RESULTS AND DISCUSSION
In this section, we present results for the conductance
through a tBLG region as a function of the twist angle for
both setups shown in Fig. 1. We start with the analysis of
general features regarding the dependence on twist angle,
and then move on to discuss in greater detail the three
distinct regimes: large, intermediate, and small angles.
4A. General features
The conductance, G, of tBLG as a function of twist
angle, θ, for an energy window ε ∈ [−t, t], is shown in
Figs. 2(a) and 2(b) for the two setups 1→ 2 and 1→ 1,
respectively. Generally, the conductance is lower at lower
energies, increasing non monotonically with energy for
both setups, irrespectively of the angle. For θ = 0◦, we
recover AB-stacked bilayer graphene where this general
trend has previously been observed [51]. This behav-
ior occurs even if the scattering region is replaced by
graphene itself, in which case it is totally determined by
the increasing number of channels in the leads, i.e. pro-
portional to the DOS.
In Fig. 2(c) the conductance of the 1 → 1 setup is
shown as a function of energy for three twist angles, rep-
resentative of the large, intermediate and small twists
[corresponding to the three horizontal dashed lines in
Fig. 2(b)]. Apart from the general trend of increasing
conductance with increasing energy, characteristic fea-
tures of tBLG for small, intermediate, and large angles
can be appreciated. For small angles, the conductance
is suppressed within a wider energy region around ε = 0
when compared with the other two angles. This low en-
ergy behavior is associated with the flatband regime in
tBLG, and will be further discussed below. Intermediate
and large twist angles have similar G(ε) at low energies.
As will be shown below, at higher energies the intermedi-
ate angle case first deviates from the large angle behavior
at the characteristic energy of the Von-Hove singularities
in tBLG. In the large angle regime, particular features of
tBLG are better appreciated as a function of twist angle.
A series of peaks and deeps can be seen in Figs. 2(a) and
2(b). As will be discussed below, these features appear
at commensurate twist angles with relatively small unit
cells.
B. Large twist angles
For large, incommensurate twist angles and low ener-
gies (ε ≪ t), the two layers become effectively decou-
pled: the conductance of the 1 → 1 setup approaches
that of monolayer graphene, while for the 1 → 2 setup
it is strongly suppressed as the electrons need to tunnel
to the other layer to conduct. This can be seen in par-
ticular for θ = 30◦ in Fig. 3(a), where we also show the
graphene conductance as a dashed line for comparison.
The low energy decoupling of large angle tBLG has also
been obtained with the Kubo formalism within the linear
response regime in Ref. [42]. However, at higher ener-
gies, deviations from the single layer conductance for the
1→ 1 setup and an increasing conductance for the 1→ 2
setup can be seen in Fig. 3(a). This indicates that there
is always some remnant coupling even for the largest an-
gles, in agreement with the observations of Ref. [52].
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FIG. 3. Conductance, G, as a function of energy, ε, for the
1 → 1 (blue) and 1 → 2 (red) setups computed at two large
angles: an incommensurate structure with twist angle θ = 30◦
(a) and a commensurate structure with θ ≃ 27.7958◦ (b). The
black dashed curve is the conductance of graphene.
The θ = 30◦ tBLG considered above is an example of
an incommensurate structure where no true Bravais lat-
tice can be identified, despite the presence of the moire´
period. In particular, for the twist angle θ = 30◦, tBLG
has been identified as a new type of quasicrystalline
lattice with 12-fold rotational symmetry [53, 54]. For
commensurate large angles, however, the conductance of
tBLG behaves differently. This can be seen by directly in-
specting Fig. 3(b), where we show the conductance G(ε)
for a commensurate angle close to θ = 30◦. For the 1→ 1
setup, G(ε) starts to deviate from single layer graphene
at lower energies, and for the 1→ 2 setup, the low energy
conductance is not suppressed as for incommensurate an-
gles.
The difference between incommensurate and commen-
surate structures at large twist angles is better appreci-
ated in Fig. 4(a), where we plot the conductance as a
function of twist angle at the fixed energy ε = 0.225t
(easily reached via back gate field effect). For the 1→ 1
setup a series of deeps and for the 1 → 2 setup a se-
ries of peaks are clearly seen. These are the same peaks
and deeps observed in Figs. 2(a) and 2(b). As shown in
Fig. 4(a), the peaks/deeps match perfectly the vertical
lines. It is also apparent that the conductance curves are
approximately symmetric with respect to the twist angle
θ = 30◦, and for that reason we only plot vertical lines
for θ < 30◦. The vertical lines correspond to a series of
commensurate angles, obtained according to the relation
sin
(
θmr
2
)
=
r
2
√
3m2 + 3mr + r2
, (5)
where m and r are positive coprime numbers [5]. There-
fore, the peaks/deeps are conductance signatures of com-
mensurability. They are robust to relative shifts of the
layers (pure translations with fixed θ), and in Fig. 4(a)
we have averaged over shifts. A few of the largest peaks
for the 1→ 2 setup have been reported also in the inco-
herent transport regime [55]. In the ballistic regime we
see that the structure is very rich, with peaks at many
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FIG. 4. Conductance, G, as a function of twist angle, θ,
for the 1 → 1 (blue) and 1 → 2 (red) setups calculated at
the energy ε = 0.225t (a). The black vertical lines depict
the position of commensurate angles, as given by Eq. (5) in
the main text. Panel (b) exhibits the inverse of the size of
the Wigner-Seitz unit cell for commensurate structures versus
the angle. Panels (c-d) show the conductance values of the
1 → 2 setup for commensurate structures as a function of
size of the Wigner-Seitz unit cell for small and large unit cells
respectively.
commensurate angles. In fact, we are lead to speculate
that peaks (deeps) may be present at every commensu-
rate angle, though its relative height (depth) may hinder
the observation of most of them. This is corroborated
by an apparent correlation between the height (depth) of
the peak (deep) and the size of the Wigner-Seitz unit cell
for the corresponding commensurate lattice structure, as
shown in Fig. 4(b). There, the inverse of the size of the
Wigner-Seitz unit cell, measured in terms of the number
of atoms inside the cell, is plotted as a function of the
respective commensurate angle. By inspection it can be
seen that the higher the conductance peak in Fig. 4(a)
for the 1 → 2 setup (the lower the deep for the 1 → 1
setup) the smaller the respective Wigner-Seitz unit cell.
The six peaks reported in Ref. [55] for the incoherent
regime correspond precisely to the six twist angles with
smallest Wigner-Seitz unit cell (higher conductance).
The conductance as a function of the size of the
Wigner-Seitz unit cell for commensurate structures is
shown in Fig. 4(c). In the large angle regime (unit cell
sizes . 100), it is clear that the conductance decreases as
the size of the cell increases. For intermediate to low an-
gles (unit cell sizes & 100), this commensurability effect
is lost. This agrees with the fact that r = 1 structures, for
which the unit cell coincides with the Moire´ cell, are spe-
cial in the small-angle limit and determine the physics of
all types of commensurate structures [5]. For very small
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FIG. 5. (a-c) Interlayer current mapped onto the bottom
layer as a density plot at ε = 0.225t for three commensurate
structures. In terms of the integers m and r in Eq. (5), (m =
1, r = 1) in (a) and in (b), (m = 1, r = 4) in (c). (d-f) 2D
Fourier transform of the interlayer current shown in (a-c) as
a function of k|| and k⊥, respectively the longitudinal and
transverse momenta relative to the direction of the bottom
lead ribbon. The arrows are two representative vectors of
the first star of reciprocal lattice vectors for the respective
commensurate structure.
angles, all commensurate structures are almost periodic
repetitions of structures with r = 1.
In order to better understand the large angle commen-
surability effect, we have computed the interlayer local
current measured from the bottom layer to the top layer
in the 1 → 2 setup. To that purpose, the bond current
operator between a bottom layer site and a top layer
site was evaluated at the energy ε = 0.225t. All the
contributions that connect to a given site in the bottom
layer were then added up and the obtained local inter-
layer current was assigned to that bottom layer site. The
corresponding map is shown in Figs. 5(a-c) for three dif-
ferent commensurate angles [marked with an arrow in
Fig. 4(b)]. Positive and negative values mean interlayer
current flowing in and out of the given bottom layer site.
The presence of a periodic pattern is apparent for the
three angles, as can be seen in Figs. 5(a-c). We took the
Fourier transform of the interlayer current by consider-
ing a rhombus with 50 × 50 unit cells in the scattering
region. The corresponding map is shown in Figs. 5(d-f),
respectively for the three angles considered. The Fourier
transform is extremely peaked, as inferred from the very
small dark dots on a whitish background in Figs. 5(d-f).
The peaks exactly fall onto the first star of reciprocal
lattice vectors for the respective commensurate struc-
ture. Two representative vectors out of the six in the
first star are indicated in each panel of Fig. 5(d-f). It
follows that the observed periodicity for the interlayer
current in Figs. 5(a-c) mimics the periodicity of the com-
mensurate structure. The picture that emerges is that
each Wigner-Seitz unit cell contributes roughly the same
6to the interlayer current, so that a higher conductance is
obtained for a higher number of Wigner-Seitz unit cells
in he scattering region. Keeping the number of atoms
in the scattering region roughly the same, commensurate
angles with smaller Wigner-Seitz unit cells should have
higher conductance, as observed.
C. Intermediate twist angles
Figure 6(a) and 6(b) shows the conductance at three
representative angles in the intermediate twist angle
regime, respectively for the 1 → 1 and 1 → 2 setups
and energies |ε| < 0.4t. A salient feature in this regime
is the shoulder like behavior of the conductance around
two particular energies roughly symmetric around zero.
The behavior is more pronounced in the 1 → 1 setup
[Fig. 6(a)] which has a higher conductance, but it is
clearly present in both setups. The energy scale asso-
ciated with this feature correlates with the position of
the two Van Hove singularities characteristic of tBLG at
moderate twist angles. This is clearly seen with the help
of Fig. 6(c), where the DOS of the system (scattering
region) is shown for the three considered twist angles.
The beginning of the shoulder-like feature just signals
the strong suppression of the DOS after the Van Hove
singularity. A similar effect is known to happen in sin-
gle layer graphene after the Van Hove singularity [51],
though at much higher energies.
The presence of Van Hove singularities in the DOS
of tBLG for the moderate twist angle regime originates
from saddle points in the energy dispersion. These sad-
dle points are easily understood as a consequence of the
hybridization between single layer Dirac cones [3, 5]. Due
to rotation by the twist angle θ, and considering for the
moment uncoupled layers with t⊥ = 0, the single layer
Dirac cones appear separated in reciprocal space by a dis-
tance ∆K = 2K sin
(
θ
2
)
, with K = 4π/
(
3
√
3a
)
. Turning
on the interlayer coupling t⊥, an avoided crossing at the
energy scale ε = ±~vf∆K/2 gives rise to saddle points
at the approximate energies
εvh ≈ ±
(
~vf
∆K
2
− t⊥
2
)
. (6)
In Fig. 6 the vertical dashed lines are obtained through
Eq. (6) for the three twist angles considered. The begin-
ning of the shoulder-like feature in the conductance as
we increase energy is very well captured by the energy
scale εvh, as can be seen in Figs. 6(a-b).
D. Small twist angles
It is in the small angle regime that most of the inter-
esting novel phases have been found [1, 2, 9–20], associ-
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FIG. 6. Conductance, G, as a function of energy, ε, at three
twist angles θ = 8, 10, 12◦, for the 1 → 1 (a) and 1 → 2 (b)
setups. The corresponding DOS is shown in (c). Verti-
cal dashed lines depict the positions of Van Hove singulari-
ties computed through the approximate analytical expression
given in Eq. (6) for the positive energy side.
ated to the presence of extremely narrow bands at low
energies. Given the importance of transport measure-
ments in accessing these phases, and the fact that the
model we use here is considered a proper single parti-
cle description of tBLG, we address the question of what
are the conductance characteristics for this model at low
twist angles. The first result is that in the small angle
regime 1 → 1 and 1 → 2 setups have very similar con-
ductance at low energies. This is an indication that in
this regime the scattering region is dominated by tBLG
low energy properties, which weakens the differences be-
tween the two setups. This is to be expected whenever
the scattering region is big enough to include a consider-
able number of moire´ cells, as is the case for the angles
we consider. In the following we show results only for the
1→ 1 setup.
We start with incommensurate angles. In Fig. 7(a1-
a3) the conductance at three representative small twist
angles around the flat band regime is shown for ener-
gies |ε| . 0.04t. For the model considered in this work,
the flat band regime occurs at θ∗ ≈ 1.6◦, so that in
Fig. 7(a1) the conductance if for an angle slightly below
θ∗, in Fig. 7(a2) very close to θ∗, and in 7(a3) slightly
above. To confirm that the scattering region is indeed
displaying tBLG behavior around the flat band regime
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FIG. 7. (a1-a3) Conductance, G, as a function of energy, ε,
at three incommensurate twist angles around the first magic
angle θ∗ ≈ 1.6◦ for the 1→ 1 setup. (b1-b3) DOS of the scat-
tering region used in (a1-a3) is represented in blue. The DOS
obtained using the plane wave expansion method is shown
in red. (c1-c3) Band structure obtained by the plane wave
expansion method.
we have calculated the DOS for the same angles, shown
in Fig. 7(b1-b3) as blue curves,using the Kwant package
[50]. The peaked DOS around zero energy, particularly
for θ ≈ θ∗, is a signature of tBLG behavior. Further con-
firmation comes from the DOS obtained with the plane
wave expansion method [28], suitable for incommensu-
rate structures [56, 57], shown as red curves in Fig. 7(b1-
b3). . The agreement is remarkable despite the fact that
Kwant is a construction in real space using kernel poly-
nomial methods while the plane wave expansion method
works in reciprocal space. The plane wave expansion
method allows also for the calculation of the band struc-
ture, which is displayed in Fig. 7(c1-c3). There, the ap-
pearance of very narrow bands at low energies, which
become especially flat near θ∗, is apparent.
The conductance in Figs. 7(a2) and 7(a3) has a low en-
ergy behavior which is not found at intermediate or large
twist angles, nor in single or AB-stacked bilayer graphene
[51]: low energy finite conductance flanked by transport
gaps where the conductance vanishes. This is perfectly
seen at θ∗ and when we approach θ∗ from above. Com-
parison with DOS and band structure, respectively in
Figs. 7(b) and 7(c), shows that the transport gaps cor-
relate perfectly with spectral gaps surrounding the low
energy narrow bands. These transport gaps are in per-
fect agreement with those obtained experimentally when
the low energy narrow bands are completely occupied,
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FIG. 8. (a1-a3) Conductance, G, as a function of energy, ε,
at three commensurate twist angles around the first magic
angle θ∗ ≈ 1.6◦ for the 1→ 1 setup. The three structures are
(m = 1, r = 1) in terms of the integersm and r in Eq. (5). (b1-
b3) DOS of the scattering region used in (a1-a3) is represented
in blue. The DOS obtained using the diagonalization of the
Bloch Hamiltonian is shown in red. (c1-c3) Band structure
obtained by diagonalization of the Bloch Hamiltonian.
for a carrier density n = +nS, or fully empty, n = −nS
[1, 2, 10, 11, 20, 39]. Note also the similarity between
the inverted double-well-like conductance seen at low en-
ergies for θ ≃ 2◦ in Fig. 7(a3) and the measurements
of Ref. [37] (compare with conductivity) and Refs. [9, 38]
(compare with inverse resistance). This points to the con-
clusion that the observed behavior at small angles θ & θ∗
is still captured by the single particle description. Only
very close to the magic angle θ∗ are correlation effects
expected to become relevant. For angles θ . θ∗, as the
one shown in Fig. 7(a1), the conductance still correlates
well with the electronic structure. In particular, the two
side peaks seen in the DOS of Fig. 7(b1) clearly match
the beginning of a shoulder like feature in conductance as
energy increases in absolute value. As can be appreciated
in Fig. 7(c1), the low energy narrow bands are no longer
well isolated from the other bands. This is the reason
why there are no transport gaps in the conductance at
low energy.
The results for commensurate angles are shown in
Fig. 8. There is a close similarity with the results ob-
tained for nearby commensurate angles, presented in
Fig. 7. Commensurability effects, if present in the small
twist angle regime, are significantly milder than at large
angles. Note in particular how the transport gaps per-
fectly correlate with the spectrum, as is indicated by the
8vertical lines on the right panels of Fig. 8. We note en
passant that the DOS of the scattering region, shown
in blue in Fig. 8(b), does not vanish in the energy re-
gion where transport gaps occur [this also happens for
the incommensurate angles shown in Fig. 7]. However,
by diagonalization of the Bloch Hamiltonian we obtain a
vanishing DOS (in red) compatible the the spectral gap
shown in Fig. 8(c). The reason is due to the open edges
of the scattering region where localized states, which do
not contribute to conductance, exist.
IV. CONCLUSIONS
We have characterized ballistic charge transport across
a twisted bilayer graphene region connected to single-
layer graphene leads. We analyzed two setups: a flake of
graphene on top of an infinite graphene ribbon, dubbed
1 → 1, and two overlapping semi-infinite graphene rib-
bons, dubbed 1 → 2. As a function of twist an-
gle, we found a strong dependence and identified three
qualitatively different regimes. For large angles, there
are pronounced fluctuations and strong commensurabil-
ity effects: for generic incommensurate angles the two
graphene layers effectively decouple yielding regions of
high (low) conductance for the 1 → 1 (1 → 2) geome-
try; large commensurate angles corresponding to a small
Wigner-Seitz unit cell appear as sharp dips (peaks) in
the conductance for the 1 → 1 (1 → 2) case, for which
the two layers are strongly coupled. For intermediate
angles, we have found a correlation of the conductance
features with the low energy Van Hove singularities of the
DOS. This suggests that conductance measurements can
be used as a measurement tool to determine the twist an-
gle. Finally, for small angles, commensurate effects seem
to be washed out. The almost flat bands appearing in this
regime give rise to distinctive conductance features that
correlate with those found in the DOS. In this regime,
our results agree with the recent experimental findings
where transport gaps have been correlated with spectral
gaps [1, 2, 9–11, 20, 37–39].
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